Abstract-It is assumed that the spatial resolution of the reconstructed images with an electrical resistance tomography (ERT) system can be improved by increasing the number of measurement electrodes. In this paper, the issues with the number of electrodes will be discussed. To analyze the effect of the number of electrodes on the quality of reconstructed images, ERT sensors with different number of electrodes-8, 12, 16, 20, 24, 32, 36, 40 and 48-are investigated. With the adjacent and opposite strategies, the voltages between different electrode pairs are calculated for some typical conductivity distributions with different contrast in conductivity using a finite element method. The obtained voltage data are then used to reconstruct images using the projected Landweber iteration algorithm. In the meanwhile, the impact of meshes in the inverse problem solver on image quality is also discussed. The sensitivity distributions for all cases are analyzed utilizing singular value decomposition (SVD). The analytical results are in agreement with the simulation results.
INTRODUCTION
As a process tomography (PT) technique, electrical resistance tomography (ERT) is particularly useful for visualizing the conductive property and distributions of processes. It has been widely used in industrial [1] and medical [2] applications. Wang et al [2] studied the distribution of the sensing field affected by the configuration of the compound electrodes used in the medical EIT system and established a finite element model with the condition of the coercive equipotential nodes on the boundary of an object. Cao et al [3] designed an optimized square sensor for electrical impedance tomography in order to obtain maximum information in the sense of Shannon information entropy. Cui et al [4] studied an integrated electrical capacitance tomography (ECT)/ERT dual modality sensor. He et al [5] analyzed the electrical impedance tomography sensitive field based on multi-terminal network. Adler et al [6] developed a method to measure the information content and discussed important issues in electrical impedance tomography (EIT), such as distinguishability limits, optimal measurement schemes and data fusion. Polydorides and McCann [7] examined the impacts of the singular values of a sensitivity matrix on the spatial resolution of the reconstructed images and developed a system based on electrode segmentation, providing sensitivity matrices with improved characteristics. Tang et al [8] analyzed the effect of the number of electrodes and the number of conductivity basis functions on image reconstruction results in EIT, but did not consider the influence of measurement strategy and conductivity contrast.
Literature review shows that the effect of the number of electrodes on the image quality with ERT sensors has not been systematically discussed. A common assumption about the ECT or ERT sensors is that more electrodes would result in higher spatial resolution of the reconstructed images. Peng et al. [9] investigated the effect of the number of electrodes in ECT sensors on image quality and pointed out that 12-electrode ECT sensors are recommended for most applications, rather than too many electrodes. However, the effect of permittivity contrast, measurement strategy and mesh density on image reconstruction has not been systematically discussed in the previous research [9] .
In this paper, 9 ERT sensors with different number of electrodes, 8, 12, 16, 20, 24, 32, 36, 40 and 48 , are investigated by simulation, to study the effect of the number of electrodes on the quality of reconstructed images. For all ERT sensors used in this work, the impact of conductivity contrast, conductivity distribution, measurement strategy and meshes for finite element simulation on image quality is analyzed.
II. SIMULATION ARRANGEMENTS

A. Simulation Arrangement
While the adjacent excitation strategy [10] is the most popular for ERT, the opposite excitation strategy is used by some researchers [11] . In this research both the adjacent and opposite strategies are utilized. Fig. 1 shows an ERT sensor with N electrodes. For the adjacent strategy, the total number of measured voltages is
For the opposite strategy, the total number of measurements in this strategy is
Pinheiro [12] pointed out that the optimal electrode covering ratio is 60% and 80%, respectively, for the opposite strategy and adjacent strategy. To facilitate modeling and comparison, the electrode covering ratio is chosen to be 70% for both strategies in this work. The number of electrodes is changed from 8 to 12, 16, 20, 24, 32, 36, 40 and 48. Some typical conductivity distributions are considered. The materials with conductivities of 1e-10 S/m and 0.02 S/m are selected as the second phase against the background with a conductivity of 0.03 S/m. The normalized conductivity distributions are illustrated in Fig. 2 .
To evaluate the image reconstruction quantitatively, the projected Landweber iteration is used throughout this work.To assess the quality of image reconstruction, the relative image error and the correlation coefficient between the true conductivity distributions and the reconstructed images are used as criteria. In the Landweber iteration, the steps of iteration play an important role. In this research, the iteration process will be stopped when the image error becomes larger and the correlation coefficient becomes smaller than those with the previous iteration step to avoid the local minima.
For forward problem modeling, the sensing domain is divided into sufficiently fine mesh so that the voltage measurements are not changed if the number of elements is further increased. The sensing area is then divided into 60×60, 30×30, and 20×20 grids for solving the inverse problem, with 2828, 716 and 316 pixels, respectively.
The data used in simulation are added 50 dB Gaussian noise, the magnitude of which is typical regarding the signalto-noise ratio (SNR) in EIT. Modeling and image reconstruction were carried out using COMSOL Multiphysics TM and MatLab TM .
III. RESULTS AND DISCUSSION
A. With a Mesh of 60×60 Grids
This subsection gives the results of image reconstruction using the models with 60×60 grids.
1)
With a conductivity of the second phase of 1e-10 S/m Fig. 3 shows some images reconstructed by the Landweber iteration for 8 different distributions, b1, b2, b3, b4, a1, a2, s1 and s2 (see Fig. 2 ), with the adjacent strategy. The conductivity of the second phase is 1e-10 S/m. Fig. 4 illustrates the image error and the correlation coefficient. From the reconstructed images shown in Fig. 3 , it can be seen that the quality of most images reconstructed by the Landweber iteration is increased with the increase in the number of electrodes from 8 to 12, 16, 20 and 24. The images from the ERT sensors with 32, 36, 40 and 48 electrodes present similar qualities. It can be concluded from Fig. 4 that the 32-electrode ERT sensor can give the best image reconstruction for most distributions. 
2)
With a conductivity of the second phase of 0.02 S/m In this test, the conductivity of the second phase is set to be 0.02 S/m and both the adjacent strategy and the opposite strategy are used. Similar images to those shown in Fig. 3 are obtained by the Landweber iteration. Fig. 6 illustrates the quantitative results including the image error and the correlation coefficient with the adjacent strategy. It can be seen from the simulation results that the 32-electrode ERT sensor can also give the best result for most distributions. Fig. 7 illustrates the related quantitative results including the image error and the correlation coefficient with the opposite strategy. The image error and correlation coefficient illustrated in Fig. 7 become almost constant when the number of electrodes is more than 32. It can be concluded from the simulation results that the 32-electrode ERT sensor can give the best image reconstruction for most conductivity distributions.
B. With a Mesh of 30×30 Grids
For the distributions with conductivities of the second phase of 1e-10 S/m and 0.02 S/m, images are reconstructed by the Landweber iteration. Because of the similarity to those shown in Fig. 3 , the images are not shown. Fig. 8 illustrates the relevant quantitative results including the image error and the correlation coefficient with the sensing domain being divided into 30×30 grids. It can be seen that the 24-electrode sensor can give the best image reconstruction for the bar distributions and the annular distributions. In comparison, the ERT sensor with 40 electrodes can give the best result for the stratified distributions.
C. With a Mesh of 20×20 Grids
With a mesh of 20×20 grids, images are reconstructed by the Landweber iteration for the distributions with conductivities of the second phase of 1e-10 S/m and 0.02 S/m. Fig. 9 illustrates the quantitative results including the image error and the correlation coefficient.
It has been noted that the images reconstructed from the 48-electrode ERT sensor for the distributions with the second phase with conductivity of 1e-10 S/m have some artifacts, although the quantitative results for several distributions are better than those obtained from other sensors. For the distributions with the second phase with conductivity of 0.02 S/m, the reconstructed images from the 48-electrode ERT sensor suffer from serious distortions, especially for the annular distributions and stratified distributions. With consideration of the above analysis and the quantitative results, it can be concluded that the 40-electrode ERT sensor can give the best image reconstruction for most models. TABLE I summarizes the optimal number of electrodes under different conditions.
D. Spectral Analysis using Singular Value Decomposition
In image reconstruction for ERT, the sensitivity matrix is crucial because it presents the relationship between the measurements and the conductivity distributions. To explain the results of comparative studies specified in TABLE I, singular value decomposition (SVD) is applied in the spectral analysis.
In Fig. 10 , the magnitudes of the singular values for the models with different number of electrodes are compared. The legends in Fig. 10 consist of the measurement strategy, the mesh and the number of electrodes. For example, A-60-8e represents that the measurement strategy is the adjacent strategy, the sensing domain is divided into 60×60 grids and the number of electrodes is 8. Similarly, O-30-12e means that the opposite strategy, 30×30 grids and 12-electrode sensor are used in the study. Some magnitudes of the singular values calculated by applying the opposite strategy, which are less than 10 -10 , have little effect on the reconstruction. This implies that the number of independent measurements is less than the number of measurements calculated by (2) .
With 60×60 grids, the number of the singular values, which are nearly to zero, increases gradually with the number of electrodes. For the other two meshes, the number of measurements becomes more than the number of pixels in the sensing domain when the number of electrodes is more than a certain value. To be more specific, this phenomenon appears if the number of electrodes is equal to or more than 32 and 40 with 20×20 grids and 30×30 grids, respectively.
As can be seen from Fig. 10 , with 60×60 grids, the unique singular values tend to have some small magnitudes, which are less than 10 -10 if the number of electrodes is more than 24. The number of the singular values with small magnitudes increases rapidly with the number of electrodes. The singular values with small magnitudes make a contribution to the reconstruction for finer details. However, too many small singular values will reduce the stability of measurements and increase the susceptibility to noise. Therefore, the sensitivity matrices obtained from the model with 32 electrodes using either the adjacent strategy or the opposite strategy can provide adequate information for image reconstruction for the coarse shape and fine details of the object.
For the meshing method with 30×30 grids, the density of the grid is decreased in comparison to the mesh with 60×60 grids. This means that it requires less singular values with small magnitudes to reconstruct the details of the image. Therefore, the information provided by the 24-electrode sensor is sufficient to obtain a good image reconstruction for most distributions except for the stratified distributions, which have finer geometries. From the simulation results it can be seen that the image quality for most distributions with the second phase with conductivity of 0.02 S/m decreases significantly when the number of electrodes is changed from 24 to 32. The likely reason is that the reconstruction for the distributions with small conductivity contrast is more sensitive to the singular values with small magnitudes when the sensing domain is divided into 30×30 grids. With 20×20 grids, the distribution of the magnitudes of singular values is almost the same if the number of electrodes is more than 40. In the meanwhile, the magnitudes of the singular values are greater than 10 -10 , indicating that the singular components are stable under this condition. Although the magnitudes of the singular values from the 24-or 32-electrode ERT sensors are also greater than 10 -10 , the spectrum from the 40-electrode ERT sensor is smoother. The steeper the spectrum is, the worse the ill-posed condition in the image reconstruction is. Consequently, the ERT sensor with 40 electrodes can give the best reconstruction for most cases.
IV. CONCLUSIONS
By considering different contrast in conductivity, conductivity distributions, measurement strategies and meshes, the effects of the number of electrodes in an ERT sensor on image reconstruction with 9 ERT sensors with different number of electrodes, 8, 12, 16, 20, 24, 32, 36, 40 and 48 are discussed.
Simulation results and SVD analysis show that the best image reconstruction for the models with fine meshes in the inverse problem solver can be obtained with 32 electrodes, regardless of the contrast in conductivity, conductivity distribution, using the Landweber iteration algorithm. The fine meshes, e.g. 60×60 grids, mean that the number of pixels in the sensing domain is more than the number of voltage measurements for the ERT sensors with different number of electrodes.
With a reduced number of pixels in the sensing domain but still keeping it more than the number of voltage measurements for majority of the sensors, e.g. 30×30 grids, the 24-elelctrode sensor can reconstruct the best images for most distributions except for finer structures.
For the coarse meshes, e.g. 20×20 grids, where the number of pixels in the sensing domain is mostly less than the number of voltage measurements with the increase in the number of electrodes, the 40-electrode ERT sensor can give the best reconstruction for almost all of the cases. 
